Atmospheric neutrinos produced in the Earth's atmosphere constitute a source of neutrinos for the study of neutrino oscillations. IceCube has been operating with full detector geometry after complete installation in the 2010/2011 austral summer. It has sensitivity to atmospheric neutrinos over 10 GeV with the DeepCore subdetector, which is the low energy extension of IceCube. IceCube recently reported a new result of neutrino oscillation measurement which is compatible with other dedicated oscillation experiments. The evaluation of the systematic uncertainties in this measurement is summarized in this paper.
Introduction
Atmospheric neutrinos are produced through interactions of cosmic rays with nuclei in the Earth's atmosphere. Muon and electron neutrinos from the decay of secondary cosmic ray pions and kaons are referred to as "conventional" atmospheric neutrinos. The majority of conventional atmospheric neutrinos are muon neutrinos from two-body decays of pions and kaons. Atmospheric electron neutrinos at energies below 1 TeV are primarily produced in decays of muons, while three-body decays of charged and neutral kaons give the main contribution to electron neutrinos at higher energy. Over the energy of 100 TeV, those atmospheric neutrinos constitute an important background in the search for high energy astrophysical neutrinos. On the other hand, at low energy, atmospheric neutrinos produced with energy from few GeV are a high flux source of neutrinos for a neutrino oscillation study.
Flavor oscillation of atmospheric neutrinos going through Earth were measured by SuperKamiokande in the 1990s [1] . Since then, several experiments have observed this oscillation phenomenon in a variety of neutrino sources, such as solar, accelerator beam and nuclear reactor, over a wide range of energies from MeV to GeV [2] [3] [4] [5] [6] [7] [8] [9] . Measurements of flavor oscillation above 10 GeV had been limited because of constraints in detector volume, beam energy, and insufficient distance from beam source to detector. Therefore very large neutrino telescopes, such as ANTARES and IceCube, are useful instruments to test neutrino oscillations at a higher energy range than accessible by underground or accelerator experiments. Indeed both collaborations have recently published evidence of neutrino oscillations using atmospheric neutrinos of energies above 10 GeV [10] [11] [12] .
The strongest effect seen in this energy range is a disappearance of muon neutrinos modulated by the large atmospheric mass splitting. In the two flavor approximation, the survival provability of a muon neutrino is described as,
where ∆m 2 23 is the difference of the squared mass of the two mass eigenstates called atmospheric mass difference, θ 23 is the atmospheric mixing angle which characterizes the mixing of the two states. Thus Fig. 1 . Distribution of events as a function of reconstructed path length over energy (L reco /E reco ) [12] . Data are compared to the expectation from best fit (blue solid line) and expectation with no oscillations hypothesis (red dashed line). The ratio of data and best fit to the expectation without oscillations is also shown at bottom panel. Bands indicate estimated systematic uncertainties. the neutrino oscillation characteristic signature depends on L/E, where L is the distance neutrino travels from production to interaction and E is the neutrino energy. The first maximum disappearance is expected around 25 GeV for atmospheric neutrinos propagating over a distance equal to the Earth's diameter. IceCube has sensitivity to atmospheric neutrinos in this energy region with the DeepCore subdetector, which is the low energy extension of IceCube. IceCube recently reported a new result of neutrino oscillation measurement via atmospheric muon neutrino disappearance, which is compatible with other dedicated oscillation experiments [12] . The evaluation of systematic uncertainties in the measurement is summarized in this paper.
Oscillation Analysis with IceCube/DeepCore
The IceCube neutrino observatory instruments a volume of 1 km 3 South Pole glacial ice with optical modules, and has been operating in its final configuration since early 2011. The detector consists of 5160 digital optical modules (DOMs) arranged in 86 strings, with 60 DOMs per string. The strings are deployed in a hexagonal grid with typical inter-string separation of 125 m, except for an inner denser core of eight strings with typical separation of 70 m. These eight strings together with the deep portions of the nearby 7 standard strings form the DeepCore array, which allows lowering the energy threshold of IceCube to ∼10 GeV. The DeepCore strings are instrumented with DOMs which have 35% higher quantum efficiency than the rest of the array [14] .
IceCube detects Cherenkov photons produced by charged particles propagating through the Antarctic ice [15] . When neutrinos interact inside or near the detector, two types of Cherenkov signatures are produced, 'Tracks' and 'Cascades'. Track-like events are produced by muons from charged current (CC) interactions of muon neutrinos, which leave an elongated hit pattern along the muon trajectory. Cascade-like events, which are characterized by a more spherical hit pattern, are produced by electromagnetic and hadronic showers from the CC interactions of electron neutrinos, or hadronic Fig. 3 . Absorption coefficients (top) and effective scattering coefficients (bottom) with depth of the detector in [17] . Colors are for two different models called Spice-Mie (pink) and Spice-Lea (black). The grey band around Spice-Mie model shows the uncertainty reported in [16] . Fig. 4 . Absolute charge measurements with minimum ionizing muons in [18] . Top plot is an average observed charge plotted with different distances from the DOM to the reconstructed muon track. Filled circles are from data, while open circles are from simulation. Bottom plot is charge normalized by the expected one from the standard IceCube simulation. Simulation expected from ±10% DOM efficiencies are also plotted.
showers from neutral current (NC) interactions from any neutrino flavor. Since the disappearance of muon neutrinos is the main observable effect in the DeepCore energy range, only track-like events are considered for the analysis.
The main background in IceCube/DeepCore to observe muon neutrino disappearance is atmospheric muons produced through interactions of cosmic rays with the Earth's atmosphere. In the DeepCore analysis, background atmospheric muons are rejected by veto algorithms that use the surrounding non-DeepCore strings as an active veto volume. This veto algorithm also rejects throughgoing muon tracks from high-energy muon neutrinos over 100 GeV. In addition to the veto technique, up-going events are selected for the analysis which reduces the backgrounds, since atmospheric muons are all down-going while truly up-going events are all signals (atmospheric neutrinos).
The latest published result using 3 years of DeepCore data [12] considering up-going track-like events with cosθ reco < 0 and a reconstructed energy, E reco , between 6 GeV and 56 GeV, contained 5174 events after final selection. The best fit to determine atmospheric oscillation parameters is performed to the data filled in two-dimensional histogram with the reconstructed energy and zenith angle. The effect of systematic uncertainties, discussed later, is accounted for by associating each [27] . Neutrino-type ratios as a function of neutrino energy averaged over all directions are plotted with different colors, ν µ /ν µ (black), ν e /ν e (red) and (ν µ +ν µ )/(ν e +ν e ) (green).
source of error with a nuisance parameter. The best fit point is found at sin 2 θ 23 = 0.53 2 23 . Statistical and systematic uncertainties have an almost equal contribution to the errors of the final result. Figure 1 shows the agreement between data and simulation as a function of L reco /E reco , reconstructed neutrino path length L reco derived from the event zenith angle, divided by reconstructed neutrino energy E reco . Note that actual analysis is performed in two dimensional space. Figure 2 shows the best fit point and the 90% confidence regions as a function of the atmospheric oscillation parameters.
Major Systematics in IceCube
Sources of systematic uncertainty of the IceCube/DeepCore atmospheric neutrino oscillation analysis include detector systematics, and other theoretical uncertainty in atmospheric flux model and νN interaction cross section. Table I summarizes sources of uncertainty, nominal values and variations. Detector systematics which include DOM light detection efficiency and the absorption and scattering properties of the South Pole ice are the main sources of uncertainty. Other systematics from theoretical models are secondary sources.
Experimental Uncertainty
Detector related systematics are a large uncertainty in the current IceCube analysis. Calibration of the IceCube detector relies on on-board LED flashers and on in-ice calibration lasers. Minimum ionizing muons from cosmic ray airshowers are another calibration source.
DOM Light Collection Efficiency
The light collection efficiency of a DOM is the main source of the experimental uncertainty. The in-situ calibration of the DOMs is done with minimum ionizing muons [18] , which estimated this efficiency with an uncertainty of 10%. Figure 3 shows how in-situ calibration of the DOMs is performed with minimum ionizing muons. The 35% higher relative increase in quantum efficiency of the DeepCore high-QE PMT with respect to the standard IceCube PMT is known with precision of 3%.
Ice Properties
To improve understanding of the South Pole glacial ice where IceCube is located, an ice model called Spice (South Pole ICE) has been developed [16, 17] which is based on data taken with the LED flashers mounted on the DOMs. A global fit is performed to a set of data covering all depths of the detector. The optical properties of the ice are then described by a series of depth-dependent absorption and scattering coefficients, which are tabulated for quick use in the IceCube software. Figure 4 shows the absorption and effective scattering coefficients. There are currently two flavors of the Spice ice model, one called Spice-Mie [16] and a recent update that includes the horizontal variation of absorption and scattering along the IceCube volume, called Spice-Lea [17] . Two independent simulation data sets are produced based on those models and are used in the analysis to evaluate systematic effects.
The angular acceptance of DOMs is distorted by the properties of the surrounding refrozen ice column, and this constitute another systematic. The strings of IceCube are deployed into a hole of melted ice, which then refreezes. The process of melting and refreezing creates a column of "new" ice, called hole ice, which can have different properties than the surrounding undisturbed ice. The optical properties of the hole ice are obtained as well from LED data and their uncertainty is estimated to be between 10% and 30%, depending on incident angle [16] .
Atmospheric ν flux model
As the baseline of atmospheric neutrino flux, the so called Honda model [24, 25] , has been used in the IceCube analysis. Figure 5 shows the Honda model flux calculated in [25] for the South Pole atmosphere and for each neutrino flavor. The Honda model is valid up to the 10 TeV, therefore for the higher energy analysis the Honda model spectrum is extrapolated and the cosmic ray knee [26] is implemented by folding the neutrino yield per primary cosmic ray with the assumed primary spectrum and composition. Systematic uncertainties of atmospheric neutrino flux has been studied in detail in [27] and are used for the estimation of systematics in the analysis, as E ±0.04 in spectrum index, 20% uncertainty in ν/ν flux ratio and 3% uncertainty in ν e /ν µ flux ratio. Figure 6 shows uncertainty of flux ratios estimated in [27] .
νN interaction cross section
In the IceCube simulation, two neutrino generators are used for the analysis, and the choice of generator depends on the energy region of the analysis. Systematics of the νN interaction cross section is dependent on the cross section model used in those generators.
Higher energy events are simulated with our own module which is based on the ANIS package [19] starting from ∼100 GeV, which used the CTEQ5 model [22] and now uses the CSMS model [23] for the deep inelastic (DIS) cross section. Lower energy events are simulated with GENIE [20] up to several hundred GeV, recently extended up to 5 TeV [21], and cross sections are defined in GENIE. For DIS events, the uncertainty in the total cross section is estimated to be 5% with an energy dependence of E ±0.03 . For non-DIS events, the uncertainty in axial mass of resonant and quasi-elastic scattering are estimated to be ±20% and +25%
−15%
respectively. Since most of the IceCube/DeepCore events are produced in DIS process, the uncertainty in resonant and quasi-elastic scattering has no impact on the result. However it will be non-negligible in the future upgrade of IceCube/DeepCore, PINGU [28] , which will lower the energy threshold to access the resonant regime.
Summary
IceCube has sensitivity to atmospheric neutrinos above 10 GeV with the DeepCore subdetector, which is the low energy extension of IceCube. DeepCore recently demonstrated a new result of neutrino oscillation measurement, which is comparable with other dedicated oscillation experiments. Detector systematics are the major source of systematic uncertainties, which include DOM light detection efficiency and the absorption and scattering properties of the South Pole ice. Non-uniformity in scattering in ice column also changes DOM angular acceptance anisotropy from ice flow and ice tilt. Those detector systematics are controlled by in-situ calibration and are used to produce systematic simulation data sets. Sub-dominant systematics are driven by theory, which includes νN interaction cross section and the atmospheric neutrino flux model.
